In the present study, the variation in polar metabolites in Gossypium hirsutum L. during water stress was observed by nuclear magnetic resonance spectroscopy (NMR) techniques. Discriminating metabolites were elucidated by 1 H NMR measurements and 2D-NMR (COSY and HSQC) techniques. Total 46 polar metabolites were detected in control and water stressed G. hirsutum leaf and stem. Nine metabolites in the leaf while thirteen metabolites in the stem were quantified. Highly significant quantitative variations were noticed, among the metabolites, i.e., glucose, glycinebetaine (GB), alanine in leaf and glycinebetaine (GB), scyloinositol in stem. This change in metabolite profile during water stress in G. hirsutum represents the change in metabolomic flux in different pathways.
INTRODUCTION
Cotton is a leading natural fibre source, which grows in arid and semi-arid regions of the world. Sustainability and improvement of cotton yield are major challenges mainly due to increasing world population, deterioration of arable land, water and environmental stresses. Water is one of the primary yield limiting factors among these stresses [1] , and it drastically affects the yield by altering the metabolism and development of the plant [2] . Well, focused research work to understand water tolerance mechanism was conducted on cereals, such as rice [3, 4, 5 and 6] . Cotton is normally not classified as waters tolerant crops as some other plants species such as sorghum [7] . Nevertheless, cotton has mechanisms that make it well adapted to semiarid regions [8] . The detrimental impact of water on the cotton crop can be minimised by developing water-tolerant cultivars. Thus, screening of cotton varieties for resistance to water stress conditions will mitigate the negative consequences of this adversity. Further, the better understanding of the response of cultivars to water stress, it is also important to model cotton growth and estimate irrigation needs [9] .
Lv et al. evaluated five homozygous transgenic
Gossypium hirsutum L. plants under water stress condition and the result suggested that glycine betaine may be involved in an osmotic adjustment in the plant [10] . Rodriguez-Uribe et al. used microarray analysis to identify water deficit-responsive genes in the G. hirsutum under water stress conditions [11] . Yoo and Wendel, conducted comparative transcriptome profiling of developing G. hirsutum fibres using RNA-Seq by Illumina sequencing [12] . Although some other aspect of the changes in G. hirsutum under water stresses conditions have been reported. But still there was need to study the polar metabolites changes in G. hirsutum under water stress condition, so that the metabolites responsible for water stress tolerance can be investigated. Therefore, it was imperative to study the variation of polar metabolites in G. hirsutum L. plants under water stressed condition. Further, the finding of this study may helpful for agriculture researchers in better understanding of metabolic pathways during water stress. To the best of our knowledge, this was the first study which deals with the variations of polar metabolites content in G. hirsutum L. plants under water stressed condition by nuclear magnetic resonance spectroscopy (NMR) techniques.
MATERIALS AND METHODS
Cotton seeds were purchased from Central Institute for Cotton research, Regional station, Coimbatore, Tamil Nadu, India. These seeds were sown in trays (52 cm x 27 cm) placed in a cultivation chamber. The seedlings were transplanted into pots. After four months, the best plants of approximately the same height and with the same number of leaves were selected for the study. Further, these selected plants were divided into two groups. First group of plants were irrigated in every 12 hour interval at room temperature and considered as control plant. While second group plants were maintained in the same environment as the control plants but without addition of water to the container for 4 days. This will allow the pots to dry out and plants were considered as water stressed. Finally leaf and stem samples were collected from each group of plants for further study.
Extraction of Metabolites
The dried plant material (1.0 g) was extracted with warm hexane (35ºC) in a ratio of 1:10 followed by filtration. After filtration the remaining solid plant material (residue) was further extracted by 80:20 of methanol: water solvent system. Methanol-water extracts was defatted with hexane. Defatted watermethanol layers were concentrated under reduced pressure. The samples were then lyophilized to dryness and the resulting solid was again stored at -80 ºC for further NMR analyses.
NMR Spectroscopy
All NMR experiments were carried out at 25 ºC unless otherwise stated. The known quantities of samples were dissolved in 500 l of D 2 O containing 0.375% w/v of TSP (99.9% SigmaAldrich) for NMR analysis. The 1 H NMR spectra were recorded on a Bruker Avance 400 MHz spectrometer (Bruker Biospin AG, Fallenden, Switzerland) equipped with 5 mm Broadband Inverse probe equipped with Z-shielded gradient, in a 5 mm NMR tube (Wilmad no. 507; Wilmad Labglass Buena, NJ, USA). One-dimensional 1 H NMR experiments were performed using a single-pulse sequence and suppressing the residual water signal by pre-saturation with 65,536 time-domain data points, a spectral width of 7183.907 Hz and 64 scans. The flip angle of radio-frequency pulse was 90º with the total relaxation delay of 6.56 s. Freeinduction decays were multiplied by an exponential function with a line broadening of 0.30 Hz, prior to Fourier transformation. The quantification of metabolites was carried out using an in-house software program that takes into account the integrated area of NMR signals, molecular weight and number of protons of both trimethylsilylpropanoic acid (TSP) and metabolite. To confirm the assignments of the metabolites, two-dimensional (2D) correlation spectroscopy also performed. The 1 H NMR spectral complexity (overlapping signals) did not allow quantification of all the metabolites. However, 9 metabolites in the leaf while 13 metabolites in the stem were quantified by integrating the distinct characteristic signals of each metabolite with respect to the intensity of the nine protons of TSP (in D2O, 0.375%, w/v) on the dry weight [13, 14] . The concentration of most of the metabolites varied significantly between control and water stressed G. hirsutum leaves and stems. NMR spectra of aqueous extracts were analyzed by using a combination of 1D and 2D NMR experiments. The identification of metabolites was further validated by comparing the 1 H spectra of reference compounds with the existing literature values [15, 16, 17, 18, 19, 20] . The reference compounds in the Biological Magnetic Resonance Data Bank (BMRB) were also used for characterizing the metabolites [21] .
Quantification of Polar Metabolites
Identified polar metabolites were quantified by integrating the distinct signals of each metabolite with respect to the intensity of the nine protons of TSP (in D2O, 0.375% w/v) on the dry weight basis of leaves and stems using the following equation [22] .
Weight of metabolite = Integral value of (metabolite)/ Integral value of (TSP)* Molecular wt (metabolite)/Molecular wt (TSP)*Number of Protons in TSP/Number of Protons in metabolite* wt of TSP
The Mann-Whitney U test, a nonparametric test of the null hypothesis was used to compare differences in polar metabolites content between two independent groups i.e., control and water stressed leaf or stem separately. Statistical analysis of GC-MS data was carried out by Mann-Whitney U test without normal distribution using statistical software SYSTAT version 12.0 (Microsoft Corp. SYSTAT Software, Inc., USA).
RESULTS
Different class of metabolites, such as amino acids, carbohydrates, sugars, sugar alcohols and organic acids were detected in the 1 H NMR spectra of the methanol/water extract. Total fortysix chemically diverse metabolites were identified; in which nine metabolites were quantified in the leaf while fourteen metabolites in the stem. The entire 1 H spectrum was divided into three major regions such as δ0.0-3.5 ppm region was rich with amino acids, δ3.5-5.5 ppm contains sugars and rest of the spectrum from δ5.6-10.0 ppm dominated by aromatic compounds.
The stack-plot of 1 H NMR spectra of control and water stressed leaf ( Fig. 1) and stem ( Fig. 2) showed signal intensities of the identified metabolites. The assignments were confirmed by 1D proton NMR and 2D (COSY and HSQC) spectrum of polar extract. The resonances were confirmed by the use of the 1 H COSY spectrum of polar extracts (Fig. 3) .
The 1 H NMR spectra showed signals of leucine, isoleucine, valine, lysine, asparagine, acetone, citrate, ornithine, citrulline, γ-aminobutyric acid (GABA), ketoglutaric acid (KGA), lactate, glycinebetaine, scyloinositol, choline, creatine, putrescine and glutamate in the high-field region δ0.0-3.0 ppm. In the mid-field region δ3.0-5.5 ppm resonance assigned were glucose, sucrose, fructose, fucose, maltose, xylullose, proline, lipids, glycerol, threonine and gluceronate. While in the downfield region δ5.6-10.0 ppm, metabolites identified was phenylalanine, maleic acid, UTP, tryptophan, fumarate, tyrosine, uridine, caeffic acid and chlorogenic acid. The 1 H NMR chemical shifts along with its qualitative variability of identified metabolites are listed in Table 1 .
Metabolite Contents in Leaf
The polar extract of G. hirsutum leaves mainly contains carboxylic acids, amino acids, sugars, sugar alcohol and choline (Table 2, Fig. 4 ).
Carboxylic acids
Carboxylic acids are important metabolites in cotton leaves and they are necessary for development of cotton plant organs and coordination of growth. The higher concentration of formate (2.14±0.98), GABA (1.39±0.53) and acetate (0.17±0.08 mg/gm) were detected in stressed leaf in compare to control leaf. 
Amino acids contents and its derivatives
The higher concentration of asparagines (10.62±10.43 mg/gm), alanine (0.17±0.08 mg/gm) and glycine betaine (94.83±6.56 mg/gm) were detected in stressed leaf in compare to control.
Sugars and sugar alcohol contents
Six sugar metabolites, glucose, fructose, sucrose, fucose, xylulose and maltose were detected in polar extract of leaf. Among them two metabolites were quantified. The higher concentration of sucrose (44.64±36.40 mg/gm) and glucose (24.96±3.90 mg/gm) was detected in water stressed leaf in compare to control leaf.
Metabolite Contents in Stem
The polar extract of control vs water stressed G. hirsutum stem mainly contains carboxylic acids, amino acids, sugars, sugar alcohol and choline (Table 3, Fig. 5 ).
Carboxylic acids and its derivatives
Six metabolites were quantified in this class. The higher concentrations of lactate (0.35±0.06 mg/gm), citrate (4.01±2.62 mg/gm), acetate (0.15±0.01 mg/gm), malic acid (2.85±0.20 mg/gm), fumarate (0.07±0.078 mg/gm) and α-ketoglutaric acid (KGA) (0.30±0.18 mg/gm) of were found in control stem in compare to stressed stem.
Amino acids contents
Three amino acids were quantified and the higher concentration of asparagine (2.63±0.182 mg/gm), alanine (0.07±0.01 mg/gm) and glycine-betaine (4.96±0.66 mg/ gm) were detected in control stem in compare to stressed stem.
Sugars and sugar alcohol contents
Two sugar metabolites, glucose and sucrose were detected and quantified in polar extract of stem. Among them the higher concentration of sucrose (12.98±4.62 mg/gm) and glucose (3.74±0.30 mg/gm) were detected in control stem. High content of sugar alcohol like scyloinositol was detected (1.05±0.08 mg/gm) in control stem. 
DISCUSSION
Higher amount of amino acids was observed in water stressed leaf of G. hirsutum in compare to control leaf. Accumulation of amino acids plays an important role during stress plant via osmotic adjustment, detoxification of reactive oxygen species and by intracellular pH regulation [23] . Its accumulation was also reported in waterstressed plant earlier [24] . Its accumulation in cotton under water deficit conditions help to maintain the osmotic potential and minimum waters loss, which leads to better yield of cotton. Moreover, it also protects physiological processes such as photosynthesis and protein synthesis underwater condition [25, 26, 27, 28] .
It was observed that sugars like sucrose and glucose were accumulated in water-stressed leaf tissues. These metabolites might have role as energy sources for different biochemical processes during stresses. Similar types of observations were also reported by McManus MT et al., [29] . Higher concentration of 4-aminobutyric acid or γ-aminobutyric acid (GABA) may constitute a stress adaptive response [30] .
Various functions of GABA in plants have been reported, which including to involve the regulation of cytosolic pH [31] , protection against oxidative stress [32] , defense against insects [33, 34] and the regulation of pollen tube growth and guidance [35] .
CONCLUSION
The variation in polar metabolites of Gossypium hirsutum L. leaf and stem were observed by NMR techniques. Further, the discriminating metabolites were elucidated by 1 H NMR measurements followed by diverse 2D-NMR (COSY and HSQC) techniques. Highly significant variations were observed among the metabolites i.e., glucose, glycinebetaine, alanine in leaf and glycinebetaine, scyloinositol in stem of G. hirsutum under water stress condition. The amount of glucose and glycinebetaine increases (accumulated) whiles the amount of alanine decreases (consumed) in leaf during the water stress. The quantity of glycinebetaine and scyloinositol reduces in stem during the water stress. These observations indicate that the selective accumulation and consumption of the metabolites were occurred during the water stress in G. hirsutum leaf and stem. It concludes that above metabolites played a crucial role during the water stress and can be considered as metabolites responsible for water stress tolerance in G. hirsutum.
